In order to take full advantage of the industrially important yeast Candida utilis, we developed a practical recombinant DNA tool for multiple gene disruption in C. utilis based on the Cre-loxP system, which makes possible the reuse of selection markers. For this purpose, two plasmids were constructed: one harbored a heterologous loxP-flanked selection marker cassette carrying the gene responsible for hygromycin B-resistance, and the other had an autonomous replication sequence (ARS) and a Cre-recombinase expression module. Multiple disruption of C. utilis NBRC0988 URA3 genes (CuURA3), encoding orotidine-5 0 -phosphate decarboxylase, validated the efficiency of the system. The fourth round of deletion yielded a null mutant, i.e., a uracil auxotroph, giving some support to the possibility that C. utilis NBRC0988 is a tetraploid. This agreed very well with the outcomes of FACS analysis, which showed that various strains of this yeast contained 3-5 times more DNA than a Saccharomyces cerevisiae haploid.
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The yeast Candida utilis is an industrially important microorganism. Through large-scale production, it has become a promising source of single-cell protein, which has been approved as a food additive by the U.S. Food and Drug Administration, 1) and a host for the production of several useful compounds, including glutathione and ribonucleic acids. Furthermore, effective methods of transforming C. utilis have been developed, using electroporation and several bacterial antibiotic resistance markers, such as genes conferring resistance to G418 (APT), hygromycin B (HPT), or cycloheximide (mutated RPL41). 2, 3) These techniques have since been used in the heterologous production of, e.g., monellin, -amylase, and carotenoids such as lycopene. [4] [5] [6] [7] Compared with S. cerevisiae, however, the utilization of genetically modified C. utilis has been hampered due to its polyploidy, its imperfect life cycle, and the limited set of selection-marker genes. Moreover, information at the molecular level is scarce for this organism.
In general, it is difficult to obtain an auxotrophic mutant from high-ploidy yeast. Rodríguez et al. isolated an uracil-requiring mutant based on C. utilis NBRC0626 by a combination of 1-methyl-3-nitro-1-nitrosoguanidin (NTG) and 5-fluoroorotic acid (5-FOA).
8) The mutation was functionally complemented by the homologous C. utilis URA3 (CuURA3) gene, which encodes orotidine-5 0 -phosphate decarboxylase (accession no. E11619 or Y12660 in the DDBJ/EMBL/GenBank database). Their suggestion that C. utilis NBRC0626 is a haploid was based on Southern blot hybridization analysis. However, we have introduced heterologous genes into the CuURA3 locus of NBRC0988, 4) maintaining uracilautotrophy. When other genes were disrupted, native alleles still existed after the first disruption, suggesting that the ploidy of C. utilis was two or more. Thus far, no construction of a null mutant of a specific C. utilis gene by recombinant DNA techniques with confirmation at molecular level of allele status has been reported, partly because tools for multiple gene disruption have been scarce. All of them are time-consuming and laborious, e.g., the selection of restriction enzyme sites for cloning of a DNA fragment into a vector, and the limited availability of selectable genetic markers. Recently, we developed a C. utilis co-transformation method for the expression of heterologous genes, using an ARSharboring plasmid together with an integrative DNA fragment targeting the ribosomal DNA (rDNA). In principle, this approach should enable integration of multiple genes after recycling of the selectable marker, but the efficiency at which positive clones were obtained was not high (<30%).
9)
The Cre-loxP system of bacteriophage P1 involves site-specific recombination between 34-bp loxP sites. 10, 11) The Cre recombinase has been described as ''the universal reagent for genome tailoring,'' due to its widespread use in both prokaryotic and eukaryotic species.
12) The first application of this system in yeasts was described for S. cerevisiae. 13) Since then, it has been used in selective marker-excision via flanking loxP elements in several yeasts, such as S. cerevisiae, 14) Kluyveromyces lactis, 15) Yarrowia lipolytica, 16) Schizosaccharomyces pombe, 17) Candida albicans, 18) and Kluyveromyces marxianus. 19) Here we describe a new strategy for efficient multiple gene deletion of C. utilis using the Cre-loxP recombination system that was validated by disrupting the CuURA3 gene. Four rounds of gene disruption/markerrecycling were needed in order to obtain a null mutant.
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Materials and Methods
Strains and media. Candida utilis NBRC0396, 0619, 0626, 0639, 0988, 1086, and 10707 strains, obtained from the National Institute of Technology and Evaluation (NITE) Biological Resource Center, and Saccharomyces cerevisiae YPH499 (haploid), 20) NA87-11A-D [cir0] (diploid), and NA87-11A-Tet [cir0] (tetraploid), were used in this study. The latter two strains, obtained from the National BioResource Project, were derived from ones constructed by Takagi et al. 21) Yeast strains were cultured at 30 C in YPD medium (1% yeast extract, 2% peptone, and 2% dextrose), or synthetic complete (SC) medium (0.67% yeast nitrogen base without amino acids and 2% dextrose) supplemented with appropriate nutrients. SC-Ura is SC medium lacking uracil. Solid media were made with 2% agar. G418 (Geneticin, SigmaAldrich, St. Louis, MO) was added to the YPD at a final concentration of 200 mg/ml in the selection of yeast cells expressing the APT gene. Hygromycin B (Wako Pure Chemical Industries, Osaka, Japan) was added to the YPD at a final concentration of 600 mg/ml in the selection of yeast cells with the HPT gene. Uracil-auxotrophic clones were selected on SC medium supplemented with 0.1 mg/ml of 5-FOA (Wako Pure Chemical Industries).
E. coli strain DH5 (Toyobo, Osaka, Japan) served as the plasmid host. E. coli cells were cultured in LB media (1% tryptone, 0.5% yeast extract, and 1% NaCl) with 50 mg/ml of ampicillin and were transformed by standard methods.
22)
Fluorescence-activated cell sorting (FACS) analysis. The DNA contents of yeast cells were determined as previously reported, 23) with the following modifications. The cells were cultured in YPD medium with vigorous shaking at 20 C for 6 to 7 h to early-log-phase. Cell growth was arrested in S phase by the addition of hydroxyurea to a final concentration of 0.1 M. One milli-liter of culture was centrifuged and fixed in 70% ethanol at À20
C for 1 h. The cells were centrifuged to remove the ethanol and then treated with DNase-free RNaseA overnight at 37 C. They were washed with Tris-HCl (pH 7.5) and resuspended in 100 ml of Na-PI solution (1 mM NaCl, 10 mg/ml of sodium citrate, 50 mg/ml of propidium iodide). Ten micro-liter of 0.2 mg/ml propidium iodide was added, and the cell suspension was kept at room temperature for 30 min. FACS analysis was performed with a FACSort flow cytometer (BD Bioscience, San Jose, CA, USA). The signal intensity of propiodium iodide was measured by FL-2. The DNA contents were determined by subtracting the FL-2H value of the G0/G1 cells (N) from that of the G2+M cells (2N).
Recombinant DNA techniques. Recombinant DNA techniques were performed by standard methods, 22, 24) or as instructed by the suppliers. PCR was performed on genomic DNA (if not stated otherwise) with Ex-Taq polymerase (TAKARA BIO INC., Shiga, Japan) following the supplier's instruction manual. The primers used in this study are listed in Table 1 .
Construction of Cre recombinase expression plasmid pCU595. A cre ORF from which the BamHI site was removed by introducing silent mutations in two codons of an Arg Ile Arg tripeptide within the ORF (changing CGGATCCGA to CGCATACGA) was generated in a two-step PCR reaction. Two fragments, amplified with primer sets IM-49/-50 and IM-51/-52 from pSH65, 25) were mixed, and, due to the complementarity of mutagenic primers IM-50 and -51, was used as a template for the next round of PCR with outer primers IM-49 and -52. The PCR product was digested with XbaI and BamHI and cloned into pPMAPT1.
2) From the resulting plasmid, the 2.2-kb expression cassette of the cre ORF flanked by the PMA promoter and terminator was isolated as a NotI fragment and then inserted into partially NotIdigested pCARS7, 9) yielding plasmid pCU595, which conferred resistance to G418 via APT (Fig. 1A) .
Construction of plasmid pCU563 carrying a heterologous selectionmarker gene flanked by loxP sites. A DNA fragment containing 34-bp loxP, the 0.45-kb PGK promoter (PGKpr), and the hygromycin B phosphotransferase (HPT) gene, which is responsible for HygBresistance, was amplified with primers IM-53 and -57 and plasmid pGKHPT1 26) as template. Similarly, a DNA fragment consisting of the GAP terminator (GAPtr) and the loxP sequence was generated with primers IM-54 and -55 and plasmid pGAPPT10 4) as template. The two PCR products were mixed, and, thanks to the complementarity of primers IM-57 and -54, were used as a template in the next round of PCR with primers IM-1 and -2, resulting in a 2.1-kb DNA fragment (the LHL module), consisting of loxP, PGKpr, HPT, GAPtr, and loxP, which was cloned into pCR2.1-TOPO vector (TOPO TA Cloning Kit; Invitrogen Corp., Carlsbad, CA, USA) yielding plasmid pCU563 (Fig. 1B) .
Construction of CuURA3 gene replacement cassettes. Two different gene disruption cassettes consisting of the LHL module (see above), flanked by regions 5 0 and 3 0 of the section of the CuURA3 gene targeted for replacement, were generated in two-step PCR reactions. First, the fragments forming these cassettes were amplified separately. The selectable marker HPT gene with loxP flanks (LHL) was made using primers IM-1 and -2 and pCU563 as template. A fragment 451 bp downstream (3 0 -CuURA3) of the targeted gene was amplified with primers IM-61 and -62, and two different upstream regions, one of 475 bp (5 0 a-CuURA3) and the other of 416 bp (5 0 b-CuURA3), were generated with primer pairs IM-59/-60 and IM-295/-296 respectively. These DNA fragments, 3 0 -CuURA3, 5 0 a-CuURA3, and 5 0 b-CuURA3, located from +541 to +991, from À1;063 to À589, and from À586 to À171, relative to the ATG start codon of the CuURA3 gene, respectively. Primers IM-60, -296, and -61 had 5 0 -ends complementary to the distal regions of the LHL fragment. Therefore, the mix of three PCR products (5 0 -CuURA3, LHL, and 3 0 -CuURA3) could be used as a template in the second round of PCR to amplify the disruption cassettes. One micro-gram of the DNA fragment was used to transform C. utilis after purification by ethanol precipitation. Transformation of C. utilis. Yeast transformations were carried out by electroporation according to Kondo et al.
3) with 0.5-2 mg of DNA, an electric capacitance of 25 mF, a resistance of 800 , and a voltage of 0.75 kV. The post-pulse culture was carried out for 6-12 h.
Results
Gene disruption in C. utilis using the Cre-loxP recombination system
In order to perform multiple gene disruptions efficiently in C. utilis, we applied the reusable marker CreloxP recombination system, which has been used in several other yeasts. [14] [15] [16] [17] [18] [19] In this study we modified this method for C. utilis and disrupted all copies of the CuURA3 gene.
First we constructed plasmid pCU563, as described in ''Materials and Methods.'' It harbors a loxP-PGKpr-HPT-GAPtr-loxP module (called LHL). A gene replacement cassette containing the LHL module fused at both sides with sequences flanking the targeted locus was then generated by a two-step PCR procedure, as described by Amberg et al., 27) and was transformed into C. utilis NBRC0988. Correct integration of the gene disruption cassette (containing 5 0 a-CuURA3, see ''Materials and Methods'') was confirmed by PCR using primers (IM-63 and -92) with homology to nucleotides up-and downstream of the regions targeted by the disruption cassette (Fig. 2) . This primer set leads to the amplification of a 2.3-kb fragment in the case of the wild-type allele and a 3.2-kb fragment in the case of correct replacement of the CuURA3 ORF by LHL.
When 11 out of 119 transformants resistant to hygromycin B (HygB) were subjected to diagnostic PCR with this set of primers, we observed both DNA fragments in all the examined strains, suggesting the presence of multiple CuURA3 alleles, one being disrupted and the others remaining the wild type ( Fig. 2A,  B; Fig. 3A, lane 2) . As expected, the resulting strain, CUD1H, grew on YPD plates containing HygB, but not on plates with G418 (Fig. 4) .
Expression of Cre recombinase and marker excision
In this study we used a replicative plasmid (pCU595) to express the cre gene under the control of the constitutive PMA promoter. This plasmid conferred resistance to G418. It was based on the CuARS2-containing plasmid pCARS7, which should drop from cells at a frequency of about 80% in three to four generations. 9) Strain CUD1H was transformed with pCU595 for HPT marker excision, and 30 of about 1,600 G418-resistant colonies were transferred to new plates and analyzed for loss of the LHL module by replica-plating onto HygB-containing YPD. All these transformants lost their HygB-resistance, suggesting that cre-recombination via the loxP sites was successful. One strain of them was designated CUD1G (Fig. 4) . It was cultivated in non-selective YPD media for 12 h, and then streaked on a YPD plate, and thus the G418-sensitive segregant CUD1F without the Cre-expression vector was identified (Fig. 4) .
Correct recombination between the loxP elements was verified by analytical PCR on strains CUD1G and CUD1F using primers IM-63 and -92. Apart from the DNA fragment derived from the wild-type alleles, an 1.1-kb band was observed in both strains instead of the 3.2-kb fragment of the parental strain, CUD1H (Fig. 3A,  lanes 3, 4) , a decrease corresponding to the 2.1-kb DNA separating the loxP sites within the LHL module (Fig. 2) . Moreover, a similar PCR reaction, but with a primer annealing to the HPT gene (IM-223) instead of the outer primer, IM-92 (Fig. 2) , resulted in the expected 1.4-kb product only in the case of CUD1H, not in case of NBRC0988, CUD1G, or CUD1F (Fig. 3B, lanes  1-4) , demonstrating that the LHL module was successfully removed by Cre-induced recombination. The marker excision and loss of Cre-recombinase completed the first round of CuURA3 deletion, and it was considered possible to disrupt the remaining CuURA3 alleles in CUD1F, because of the presence of the 2.3-kb PCR product characteristic of native CuURA3 alleles (Fig. 3A, lane 4) .
Multiple disruption of CuURA3
The second CuURA3 allele was disrupted with the same gene replacement cassette as used in the first round. PCR analysis using primers IM-63 and -92 showed that four out of 11 HygB-resistant transformants produced the two DNA fragments expected for the correct gene disruptant, CUD2H (Fig. 3A, lane 5) . The 1.1-kb band was derived from the parental marker-less Cuura3 allele, whereas the 3.2-kb band corresponded to the newly interrupted allele (as in CUD1H). The presence of the wild-type 2.3-kb band indicated that not all the CuURA3 genes had been disrupted. The other clones, which did not produce the 1.1-kb fragment but showed the CUD1H pattern, probably resulted from recombination between the disruption cassette and the allele mutated in the previous round. Transformation of CUD2H with pCU595 gave Cre-expressing strain CUD2G, and the subsequent plasmid loss yielded a marker-free double CuURA3 deletion mutant CUD2F (Fig. 3A, lanes 6, 7) . However, as this strain still contained a functional wild-type allele (Fig. 5) , further gene disruption was necessary to get an uracil-auxotrophic strain.
To bypass recombination at the disrupted Cuura3 loci, we used the second gene replacement cassette (with 5 0 b-CuURA3, see ''Materials and Methods'') to disrupt the third CuURA3 allele. As expected, the resulting CUD3H strain produced a 1.8-kb PCR fragment when one of the primers annealed to the HPT gene within the integrated LHL module, 0.4 kb larger than the fragment obtained in the case of strain CUD1H or CUD2H (Fig. 3B, lanes 8, 2, and 5) . However, after markerexcision by Cre-recombinase (CUD3G) and plasmid curing, the resulting strain (CUD3F) still contained a wild-type CuURA3 gene, as indicated by the 2.3-kb PCR fragment characteristic of undisrupted alleles (Fig. 3A , lane 10) and its sensitivity to 5-FOA (Fig. 5) . Hence a fourth round of gene disruption was carried out with the same gene replacement cassette as for deletion of the third CuURA3 gene. The resulting quadruple disruptants, designated CUD4H (with HPT in the LHL module), CUD4G (with pCU595), and CUD4F (with the LHL module excised and pCU595 cured), were Cuura3 null mutants, because the 2.3-kb fragment corresponding to the wild-type allele was no longer amplified by PCR (Fig. 3A, lanes 11-13) and required uracil for their growth (Fig. 5) . Strains other than the quadruple-deleted CUD4F grew on SC-Ura media. Consistently, only strain CUD4F grew on 5-FOA media.
Hence we needed four rounds of gene disruption to obtain an uracil-auxotroph, suggesting that C. utilis NBRC0988 has four copies of CuURA3 alleles.
Estimation of ploidy in C. utilis cells by FACS FACS analysis has been used to estimate ploidy in plants and yeasts. 23, 28, 29) We investigated the nucleic DNA contents of several yeast strains using FACS, and calculated differences in DNA contents between the G1 phase and the G2/M phase ( Table 2 ). The DNA contents of S. cerevisiae cells (haploid, diploid, and tetraploid) tended to increase in proportion to their ploidy. When C. utilis strains were subjected to FACS analysis, the content was found to be 3-to 5-fold as much as that of a S. cerevisiae haploid strain. Assuming that the genome size of C. utilis is comparable to that of S. cerevisiae (12.1 Mb), 30) like those of other hemiascomycetes, such as K. lactis (10.6 Mb), Candida grablata (12.3 Mb), and C. albicans (14.9 Mb), 31, 32) C. utilis can be considered to be a tri-, tetra-, or pentaploid. Although this contradicts previous reports that suggest that C. utilis is a haploid or diploid, 2, 8, 33) it agrees better with the tetraploidy hypothesized by the number of rounds required to completely abolish the activity of all CuURA3 genes.
Discussion
The industrially important yeast Candida utilis is widely used in the production of foods and medical substances, but recombinant DNA techniques for it have not been well developed. As far as we know, no one has reported the disruption of all copies of a particular gene using recombinant DNA technology with confirmation at the molecular level of allele status. Hence there was perhaps little knowledge of the ploidy of C. utilis until this study.
We successfully adapted the Cre-loxP system for use in C. utilis and applied it to obtain a null mutant of the CuURA3 gene by multiple gene disruption (Fig. 4) . Four rounds of gene replacement followed by marker-recycling were needed to acquire a uracil auxotroph (Fig. 5) , which was verified by diagnostic PCR (Figs. 2, 3) . This result indicates that there are at least four CuURA3 alleles in the cell. Furthermore, FACS analysis revealed that the DNA content of various strains of this species was 3-to 5-fold higher than that of the S. cerevisiae haploid. Although we cannot rule it out that the presence of four copies of those genes in NBRC0988 strain is due to chromosomal aneuploidy or to segmental duplication of the region, and it is difficult to determine the ploidy without exact information as to the genome size of this yeast, our results give some indication that the ploidy of C. utilis is three to five (Table 2) , which is perhaps relatively rare, since natural yeast does not stably maintain a ploidy level of more than two. Yamada et al. investigated the partial sequences of 18S and 26S ribosomal DNA of various yeasts, including C. utilis, in order to deduce phylogenetic relatedness, 34, 35) but this can differ depending on the allele investigated, and it might not reflect the ploidy of the tested species. Further molecular studies are necessary to estimate the phylogenetic position of C. utilis among the diverse yeast species more accurately.
The Cre/loxP-mediated recombinant DNA technique developed in this study has some advantages and some disadvantages as compared with other C. utilis gene disruption systems currently available. For example, a C. utilis co-transformation-strategy yielded positive clones at low frequency, 9) but makes it possible to breed yeasts corresponding to non-genetically modified organisms. The Cre/loxP method presented here inevitably leaves a single loxP element behind after excision of the selectable marker. Still, since the transformation efficiency of the Cre/loxP method is much higher than that of co-transformation, one should vary the transformation method in accordance with the intended use.
The two heterologous markers used in this study have several advantages for yeast transformation: the HPT gene and the APT gene for selection of HygB-and G418-resistant clones respectively. 36, 37) One can obtain positive transformants at high frequency by targeted integration, since there is low homology between the drug-resistance marker and the yeast genome. Moreover, those markers make it possible to transform wild-type strains that have not been subjected to heavy mutagenesis, and they provide a great advantage for use in the case of a high-ploidy yeast like C. utilis. Still, there is thought to be room for improvement in markers to construct a null mutant more efficiently. For example, it should be effective to select transformants that require multiple copies of marker genes. Since shortening the promoter-length enabled us to increase the number of integrated markers per cell in the case of the selection of cycloheximide-resistant transformants using the mutated RPL41 gene, 4) controlling the activity of promoters, which drive the expression of marker genes, might be useful in order to decrease the number of transformations.
Cre/loxP-mediated gene disruption of C. utilis as described here promises a step forward in genetic analysis, and it can be utilized in the improvement of specific metabolic pathways in this yeast. This method perhaps opens up new perspectives for the genetic engineering of C. utilis with several promising applications in biotechnology. Ã The DNA contents were determined as described in ''Materials and Methods.'' Each value is the average of at least two independent experiments.
